Abstract Heparosan is the key precursor for the preparation of bioengineered heparin, a potential replacement for porcine intestinal heparin, an important anticoagulant drug. The molecular weight (MW) distribution of heparosan produced by the fermentation of E. coli K5 was investigated. Large-slab isocratic and mini-slab gradient polyacrylamide gel electrophoresis (PAGE) were used to analyze the MW and polydispersity of heparosan. A preparative method that allowed fractionation by continuous-elution PAGE was used to obtain heparosan MW standards. The MWs of the heparosan standards were determined by electrospray ionization Fourier-transform mass spectrometry (ESI-FT-MS). A ladder of the standards was then used to determine the MW properties of polydisperse heparosan samples. Unbleached and bleached heparosan produced by fermentation of E. coli K5 had similar number-averaged MWs (M N ), weight-averaged MWs (M W ), and MW ranges of 3,000 to 150,000 Da.
logs in small quantities by following the heparin and heparan sulfate biosynthetic pathway using cloned and expressed enzymes. Starting from E. coli K5 heparosan, two chemical steps and four enzymatic steps led our group to prepare a bioengineered heparin with anticoagulant properties comparable to porcine intestinal heparin [12] . The structure of the capsular polysaccharide from E. coli O10:K5:H4 heparosan is similar to that of desulfo-heparan sulfate [16] . Heparosan is a linear chain of repeating disaccharide units of [→4) β-D-glucuronic acid (GlcA) (1→4) α-D-N-acetylglucosamine (GlcNAc) (1→] n (Fig. 1) . While the disaccharide composition of heparosan is known, it appears that its chain length varies depending on the fermentation conditions. For example, Manzoni et al. [16] [17] [18] reported that the extracellular K5 polysaccharide of E. coli contained two components with molecular weights of 16,000 Da and 1,500 Da. Volpi reported that K5 polysaccharide was 17,200 Da [19] , while Vann et al. reported the MW at 20,000 Da [20] . Heparosan disaccharides to icosasaccharides [degree of polymerization (dp) of 20 monosaccharide units] obtained by a lyase treatment were recently purified by Sigulinsky et al. using SAX chromatography and analyzed by ESI-TOF-MS [21] , but the number-averaged molecular weight (M N ), weight-averaged molecular weight (M W ), and polydispersity (P) of intact heparosan from E. coli K5 fermentation are unreported. Rapid and reliable methods for the analysis of heparosan polysaccharide from the fermentation broth are necessary to monitor its molecular weight properties, such as M N , M W and P, during the preparation of this key precursor for bioengineered heparin identical to porcine intestinal heparin. In the present work, we have developed a PAGE-based method for the MW analysis of heparosan prepared by E. coli K5 fermentation, which can be used to assess the fermentation product.
Experimental

Chemicals
Electrophoresis-grade acrylamide, N,N′-methylene-bisacrylamide, sucrose, glycine, ammonium persulfate (APS), N,N,N′,N′-tetramethylenediamine (TEMED), and pre-cast 4-15% gradient mini-slab gels were from Bio-Rad (Hercules, CA, USA). Acetic acid, boric acid, disodium salt of ethylenediaminetetraacetic acid (EDTA), phenol red, and Alcian blue were from Fisher (Pittsburgh, PA, USA). All solvents were HPLC grade, and absolute ethanol was histological grade.
Growth and harvesting of E. coli K5 E. coli strain Bi 8337/41 (O10:K5:H4) was from ATCC (Manassas, VA, USA). The culture was maintained on a medium containing glucose, ammonium, potassium phosphate monobasic, and trace elements. The 3 L fed-batch culture was performed in a 7 L autoclavable glass fermentor (Applikon, Schiedam, The Netherlands) to obtain extracellular E. coli K5 polysaccharide. The broth was harvested after a 55 h culture at 37°C. Bacteria were removed by centrifugation at 12,000×g for 10 min.
Preparation of extracellular polysaccharide of E. coli K5
A 100-mL aliquot of supernatant was mixed with an equal volume of buffer A (50 mM sodium chloride, 20 mM sodium acetate, pH 4), and the pH was readjusted to 4. This mixture was loaded onto a column packed with diethylaminoethyl (DEAE) Sepharose resin (GE Healthcare, Waukesha, WI, USA), <20 mg heparosan/mL DEAE resin, and equilibrated with buffer A by gravity flow. The column was washed with 3 column volumes (CV) of buffer A, the sample was eluted with 2 CV of buffer B (1 M sodium chloride, 20 mM sodium acetate, pH 4), and the eluent was mixed with three volumes of ethanol and incubated at −20°C overnight in an explosion-proof freezer. The resulting precipitate containing crude heparosan was recovered by centrifugation at 12,000×g for 30 min, dissolved in water, and freeze-dried.
A bleaching step was performed on a portion of the sample to remove any remaining contaminants as follows. The lyophilized sample was dissolved in 1 M sodium chloride at a concentration of 15 g/L, and the pH was adjusted to 9.5 with 1 M sodium hydroxide. Hydrogen peroxide (30%) was added to afford a 1.5% (v/v) hydrogen peroxide solution, and the mixture was bleached overnight at room temperature. The bleached heparosan was precipitated by adding three volumes of ethanol, the precipitate was washed with 75% ethanol, Fig. 1 Structure of heparosan. A The structure of a native chain of heparosan that has an even number of saccharide units, with GlcNAc at the reducing end and GlcA at the nonreducing end. B The structure of a heparosan chain following the action of bacterial phage heparosan lyase, with a GlcNAc at the reducing end and an unsaturated uronic acid at the nonreducing end. M N (bacterial heparosan) = ∼26,800 Da, with n avg = ∼70 (dp140). M R = ∼3,000 Da to ∼150,000 Da. Bacterial heparosan is a mixture of A and B centrifuged at 12,000×g for 30 min, and the pellet was dissolved in water and lyophilized.
Microscale purification of heparosan from E. coli K5 fermentation supernatant After bacteria were removed by centrifugation at 12,000×g for 10 min, 1 mL of supernatant was mixed with an equal volume of buffer A (50 mM sodium chloride, 20 mM sodium acetate, pH 4), and the pH was readjusted to 4. The solution was applied to a weak-anion exchange spin column, Vivapure D Mini H (Sartorius Stedim North America, Bohemia, NY, USA). The column was equilibrated with 400 µL buffer A (50 mM sodium chloride, 20 mM sodium acetate, pH 4) by centrifugation at 500×g for 5 min. Heparosan sample was loaded onto the column at 500×g for 5 min, washed with a total of 800 µL of buffer A, and heparosan was released with 200 µL of buffer B (1 M sodium chloride, 20 mM sodium acetate, pH 4). Three volumes of ethanol were then added to the released heparosan, and the mixture was allowed to precipitate at −20°C overnight in an explosion-proof freezer. The resulting precipitate was recovered by centrifugation (18,000×g for 30 min), dissolved in 1 mL of water, and lyophilized.
NMR analysis
Purified heparosan was dissolved in 0. 4 
Continuous-elution preparative PAGE
Continuous-elution preparative PAGE was carried out as described elsewhere [22] . The total acrylamide concentration for preparative separation was selected by analyzing heparosan samples on 5%, 7.5%, 10%, and 15% mini-slab gels and comparing the results. Lower molecular weight fractions of heparosan were separated by a 15% total acrylamide (15% T) resolving gel containing 14.8% (w/v) acrylamide, 0.92% (w/v) N,N′-methylene-bis-acrylamide, and 5% (w/v) sucrose. All monomer solutions were prepared in resolving buffer (0.1 M boric acid, 0.1 Tris, 0.01 M disodium EDTA, pH 8.3). Stacking gel monomer solution was prepared in resolving buffer with the pH adjusted to 6 using HCl, and it contained 4.75% (w/v) acrylamide and 0.25% (w/v) N,N′-methylene-bisacrylamide. A 10 cm × 7 mm diameter resolving gel column was cast from 4 mL of 10% T monomer solution containing 4 µL TEMED and 12 µl 10% APS. A stacking gel twice the volume of the sample volume was cast from 0.5 mL stacking gel monomer solution containing 0.5 µL TEMED and 30 µl 10% APS. Phenol red dye was added to the sample for visualization of the ion front during electrophoresis. The samples for electrophoresis contained 25% (w/v) sucrose.
The electrode running buffer was 1 M glycine and 0.2 M Tris (pH 9 without adjustment), and the lower chamber and elution buffer chamber were filled with resolving buffer. A peristaltic pump was set to 0.08 mL/min. The gel was subjected to electrophoresis at a constant power of 1 W for 12.5 h. Eluted fractions (240 µL) were passed above a 6,000 Da MWCO dialysis membrane supported by a frit at the bottom of the gel column. Gel-eluted fractions were analyzed on 15% T isocratic mini-slab gels (8.6 cm × 6.8 cm × 0.75 cm) and by ESI-FT-MS.
Prior to ESI-FT-MS analysis, an equal volume of 4 M sodium chloride was added to each gel-eluted fraction to disrupt any interactions of heparosan with the resolving buffer salts. After mixing with a vortex mixer, samples were thoroughly desalted using 3,000 MWCO Amicon Ultra-0.5 centrifugal filter devices (Millipore, Billerica, MA, USA), concentrated by lyophilization, and analyzed by ESI-FT-MS.
Electrospray ionization Fourier-transform mass spectrometry ESI-FT mass spectra were acquired at a resolution of 30,000 on an LTQ Orbitrap XL mass spectrometer (Thermo Fisher Scientific, San Jose, CA, USA) in the negative ionization mode using the following parameters: spray voltage 3 kV, capillary temperature 200°C, capillary voltage −15 V, tube lens −100 V; the sheath and auxiliary gas flow rates were set to 20 and 5 units respectively. Mobile phase consisting of 1:1 H 2 O:acetonitrile with 0.2% formic acid was delivered by an Agilent 1200 nano-LC pump at a flow rate of 50 μL/min. The samples were infused through an Agilent 1200 autosampler.
Molecular weight standards
A mixture of six purified heparosan fractions of determined molecular weights was prepared for use as a standard. Approximately 5% volumes of each 240 μL gel-eluted separated fraction used as a molecular marker were mixed together, lyophilized, and re-dissolved in 5 μL of water, to be loaded into the well with sucrose added for PAGE. This amount was sufficient for one PAGE analysis using a minigel with Alcian blue staining, and for the large-slab gel, 20% of each fraction was used. The ladder of MW standards was used to analyze the molecular weight properties of K5 heparosan on mini-slab gradient and large-slab isocratic PAGE. A standard curve of log(MW) as a function of band migration distance was prepared and used to calculate the molecular weight properties of E. coli heparosan.
Isocratic large-slab PAGE The resolving 16 cm × 16 cm × 0.75 cm slab gels were cast from 25 mL of a 10% total acrylamide (10% T) monomer solution containing 9.66% (w/v) acrylamide and 0.33% (w/v) N,N′-methylene-bis-acrylamide, 125 µL 10% APS and 12.5 µL TEMED. The ten-well stacking gel was cast from 10 mL of 5% T solution with 50 µL 10% APS and 10 µL TEMED. Approximately 100 µg per well of heparosan were loaded for analysis of molecular weight properties. The gel was subjected to electrophoresis using a Protean II Xi Cell (Bio-Rad, Hercules, CA, USA) apparatus at 400 V for 1.25 h, and its inner core was cooled with cold tap water. After staining overnight in a solution of 0.5% (w/v) Alcian blue in 2% acetic acid, the gels were destained in water. Silver staining of the gradient gel was used to improve visualization of the MW ladder. The Alcian-stained gel was washed in 50% aqueous methanol for 2 h, rinsed with water for 2 h, and then soaked for 30 min in 50 mL of fresh silver staining solution, which consisted of 1 mL 4 M silver nitrate, 1 mL 7.6 M sodium hydroxide, and <2 mL ammonium hydroxide in 100 mL water. The gel was washed with water for 30 min, and developed in solution containing 100 µL of 2.5% (w/v) citric acid and 25 µL 38% formaldehyde in 50 mL water. The developing of the silver stain was stopped by adding 5% (v/v) acetic acid in 20% (v/v) aqueous methanol.
Molecular weight analysis of K5 heparosan
Large-slab and mini-slab gradient gel images were acquired on an HP Scanjet 7400 at 600 dpi and processed for densitometry data using Un-Scan-it software (Silk Science Inc., Orem, UT, USA). These data were used to calculate the weight-averaged molecular weights (M W ), numberaveraged molecular weights (M N ), molecular weight ranges (M R ) and polydispersities (P) of heparosan samples from fermentation [21] .
Results and discussion
DEAE micro-scale purification
The 1 H-NMR spectra of heparosan purified by gravity flow DEAE column chromatography and those of heparosan purified by anion exchange spin columns are shown in Fig. 2 . Both spectra are similar to the previously published spectra for K5 polysaccharide [20] , and are consistent with the structure shown in Fig. 1 . The DEAE-columnpurified material is comparable in purity to the micro-scale spin-column-purified material. The sample prepared using rapid, micro-scale, spin-column purification affords heparosan with a purity of ∼90%, which is sufficient to assess its molecular weight properties. Bleaching of the final DEAE-isolated heparosan did not affect the purity of the sample, as determined from NMR (data not shown), but it visibly changed the color from a tan/light brown to off-white. Spin column purification (with or without bleaching) rapidly affords heparosan from fermentation supernatant of sufficient purity to characterize its molecular weight properties. PAGE analysis has been demonstrated to be a useful tool for the rapid, parallel, and accurate determination of the molecular weight properties of pharmaceutical heparins [23] . Detailed information on the molecular weight properties, including its M W , M N , P, and molecular weight range, have not previously been reported for heparosan obtained from the fermentation of E. coli K5.
Molecular weight standards should ideally consist of molecules identical to those being analyzed. Thus, we undertook to prepare intact heparosan polysaccharides to use as standards. We relied on continuous-elution preparative electrophoresis to prepare a range of molecular weight standards that were sufficiently pure to be characterized by mass spectrometry.
ESI-FT-MS
The negative ionization mode was used throughout this study for the analysis of intact heparosan purified using continuous preparative electrophoresis because it resulted in a better signal than the positive mode (data not shown). PAGE-separated heparosan fractions contained two populations, differing by 18 mass units (Fig. 3) . The first population was intact heparosan chains terminated with a glucuronic acid residue at their nonreducing end (NRE), and the second population of chains had an unsaturated uronic acid at their NRE, produced by the action of a heparosan lyase. This is consistent with previous reports of the presence of an E. coli bacterial phage lyase acting on heparosan as its substrate [17, 18] . Oligosaccharides containing unsaturated uronic acid residues on the nonreducing end appear more abundant in smaller oligosaccharide lengths. In the largest analyzed fraction containing dp80 oligosaccharide, unsaturated and saturated nonreducing ends are present in nearly equal amounts based on the relative abundances of ions corresponding to these chains. This is expected because lyase action should produce shorter oligosaccharide chains in higher abundance.
The monoisotopic molecular mass of unsaturated lyase products was observed for all analyzed polysaccharides from the bacterial heparosan sample. Panels B, D, and F in Fig. 3 show ESI-FT mass spectra of three representative fractions with two populations of heparosan chains: (1) terminated with a glucuronic acid residue; and (2) terminated with an unsaturated uronic acid residue, 18 mass units lower. In the mass spectra, peak envelopes corresponding to saturated chains overlap with those corresponding to H/Na exchange products of the unsaturated heparosan chains, making it difficult to identify the monoisotopic peak corresponding to the saturated heparosan chain. Thus, only the unsaturated heparosan chain masses were used for molecular weight assignment of gel-eluted fractions (Table 1) . Table 1 lists all analyzed heparosan chains with their calculated and observed molecular masses. The first peak in the peak envelope was used to calculate the monoisotopic molecular masses in each fraction. The average molecular mass of the major oligosaccharide components in each fraction was calculated based on the m/z of the most abundant ion in its respective peak envelope ("Electronic supplementary material" Table S1 ).
Molecular weight standards
Fractions prepared with continuous preparative electrophoresis using a 15% T gel consisted of 1-4 heparosan chain lengths. When used as molecular weight markers, only the major heparosan component in a given fraction was used for molecular weight calculations. In the ladder prepared from the gel-eluted FT-MS-characterized fractions, major heparosan molecular weight components with average masses of 14,414 Da (dp76), 12,517 Da (dp66), 8,345 Da (dp44), 6,448 Da (dp34), 4,551 Da (dp24), and 3,793 Da (dp20) were used for standard calibration on the small gradient gels and large isocratic gels. The fractions for the ladder were selected based on their purity and spacing throughout the gel during PAGE. The fractions chosen for use as molecular weight markers appeared to be equally separated from one another and clearly contained one main component based on the relative abundance of ions, even if two or three other molecular components were identified by ESI-FT-MS.
PAGE molecular weight analysis of bleached and unbleached heparosan PAGE analyses were next performed on heparosan samples prepared from the supernatant of the E. coli K5 fermentation. Gels were stained with Alcian blue for visualization. Previous studies demonstrated that this dye binds to anionic polysaccharides in proportion to mass [24] . Unfractionated heparosan samples were analyzed on isocratic (Fig. 4) and gradient PAGE (Fig. 5) . The resulting gels were stained with Alcian blue, scanned, and their digital images were analyzed with Un-Scan-It software. Molecular weight property calculations of unbleached and bleached heparosan relied on a standard curve constructed using a ladder of molecular weight standards. The number-averaged molecular weight (M N ), weight-averaged molecular weight (M W ), and polydispersity (P) were calculated based on previous methods [21] . The results obtained on a large isocratic gel versus a gradient gel are presented in Table 2 .
The M N of unbleached bacterial heparosan determined in this study was 26,800 Da, which is higher than reported in the literature [16] [17] [18] . The heparosan used in this study probably differs from other previously reported numberaveraged molecular weights due to the unique media and fermentation conditions used for E. coli growth. In some previous studies, the molecular weight measurement of heparosan relied on heparin and dextran standards, which also provided a potential source of error. Finally, molecular calculations from previous studies were not provided in sufficient detail to determine whether the reported values were number-averaged, weight-averaged or peak molecular weight. The heparosan used in this study is a highly polydisperse mixture comprising chains that contain an Fig. 3 ESI-FT-MS analysis of selected heparosan fractions from continuous-elution preparative PAGE. A Heparosan dp20, C heparosan dp54, and E heparosan dp80. B, D, F Isotopic peak envelopes of dp20, dp54, and dp80 corresponding to chains with unsaturated and saturated NREs are separated by m/z 9, 3.6, and 3 (18 mass units), respectively even number of repeating disaccharides, with chain lengths ranging from 3,000 to 150,000 Da, as determined by PAGE analysis. The M N of bleached heparosan was 25,000 Da, which is slightly lower than that of the unbleached product. The P values of both unbleached and bleached heparosan were similar.
By scanning the staining intensity within a lane, the mass of polysaccharide present as a function of migration distance is obtained in much the same way as a refractive index detector determines the mass of sample eluting from a sizeexclusion chromatography column [21] . Thus, as long as the polysaccharide sample remains in the fractionation range of the gel, its molecular weight properties can be determined.
Two strategies were used when undertaking the analysis of heparosan's molecular weight properties, one involving a large-slab isocratic gel with a running time of 1.2 h, and the second using a precast mini-slab gradient gel with a running time of 0.33 h. The large-slab isocratic gel that gave superior band resolution of the lower molecular weight components of heparosan failed to allow the high Table S1) molecular weight components to enter the gel (Fig. 4A) . The resolution of the smaller heparosan chains on mini-slab gradient gel was reduced compared to that on the large-slab gel. However, the gradient mini-gel fractionation range was significantly broader than that of the isocratic gel, permitting all chain sizes of heparosan to enter the gel (Fig. 5A) . This facilitated the analysis of highly polydisperse heparosan sample against a ladder of defined oligosaccharide standards. Both gels provided excellent linearity for the heparosan standards of determined molecular weight when log(M W ) was plotted as a function of migration distance ( Fig. 4C and  5C ). While the five standards used do not cover the entire range of molecular weights, the uniform spacing of bands ( Fig. 4A and B) suggest that molecular weight values outside the covered range could be accurately extrapolated, as suggested by the linear relationship observed in Fig. 4C . It is noteworthy that as the molecular weight of heparosan gets larger the spacing between adjacent bands gets smaller, limiting the resolution of the high molecular weight chains ( Fig. 4A and B) . This loss of resolution should not, however, adversely impact the calculation of molecular weight. Comparison of both methods demonstrated significant differences in the molecular weight properties of identical samples. Isocratic gel analysis gave an asymmetric profile (Fig. 4B) that consistently underestimated the dominant high molecular mass chains that fell outside of the fractionation range of the gel. It has been well established that isocratic gels provide superior optimal fractionation over a narrow range of molecular sizes, while gradient gels provide uniform fractionation of polydisperse mixtures but can compromise the resolution of individual components.
Conclusions
The application of a precast gradient mini-gel, in combination with spin-column purification of heparosan from fermentation supernatant, allows for the rapid (<4 h) determination of the molecular weight properties of heparosan prepared from E. coli K5. This approach should offer a convenient method to screen and optimize fermentation conditions to afford heparosan with the optimal molecular weight characteristics for use in preparing bioengineered heparin.
